We present a novel single-molecule method for rapidly evaluating small-molecule binding to individual DNA molecules using nanopores fabricated in ultrathin silicon membranes. A measurable shift in the residual ion current through a ∼3.5 nm pore results from threading of a dye-intercalated DNA molecule, as compared to the typical residual current of native DNA. The average level of the residual current can be used to directly quantify the fraction of bound molecules to DNA, providing a new way to determine binding isotherms. Spatial sensitivity is also demonstrated by designing a two-segment DNA molecule that contains small-molecule binding sites in one of its two segments. Translocations of such molecules exhibit two current levels upon incubation with a DNA-binding dye, caused by selectively bound dye in one of the DNA segments. Our results, as shown here with four different dyes, coincide well with bulk fluorescence measurements performed under identical conditions. The nanopore approach for "reading-out" molecular binding along a DNA molecule, combined with the miniscule amounts of DNA required and the potential for scalability using nanopore arrays, provide a novel platform for future applications in analytical drug screening.
Selection of small molecules that bind genomic DNA or other nucleic acids with high specificity is a central requirement for drug development, necessitating new in vitro methods for rapid and low-cost assessment of the binding affinity and location of drugs along DNA molecules.
1,2 While conventional, bulk spectroscopic tools (e.g., NMR, crystallography, mass spectrometry) have yielded a wealth of information on small-molecule binding to macromolecules, 3 membrane-embedded nanopores have enjoyed remarkable success as nucleic acid analyzers. For example, membrane embedded alpha-hemolysin channels have been used to thread and detect variations in nucleic acid sequences, 4 to investigate DNA-protein interactions, 5 and to follow enzyme processivity. 6 In addition, chiral nanopores of subnanometer dimensions have been used to discriminate enantiomeric drugs in solution, 7 as well as to discriminate among the different mononucleotides in solution. 8 Solidstate nanopores have only recently taken the stage as more versatile, synthetic analogs of protein channels, owing to their mechanical robustness and size tunability. Several applications of solid-state nanopores in biophysics have already been demonstrated, such as characterization of DNA duplexes by electromechanical unzipping, 9 detection of DNA/protein complexes, 10 and characterization of proteins 11 and DNA. [12] [13] [14] In this paper, we show that sub-5 nm solid-state nanopores can be used to quantitatively profile the binding of small molecules to both double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) molecules, potentially facilitating the detection of DNA/drug complexes with spatial sensitivity along the biopolymer. We present the first demonstration that the residual ion current signal through a nanopore during dsDNA translocation is highly affected by the amount of intercalated small molecules, which give the DNA/intercalator complex a bulkier structure than that of native DNA. Furthermore, we demonstrate the capability of using nanopores to discriminate within a DNA molecule among native and small molecule-bound regions, achieved using a ssDNA molecule containing two regions with different affinities toward a cyanine dye. Nucleic acid-binding fluorophores were used here to validate our nanopore data with bulk fluorescence measurements, illustrating the analytical capabilities of the nanopore method. Moreover, as we show here, our method offers a set of unique advantages over conventional techniques, such as not requiring chemical labeling with fluorescent reporters (which can often interact with DNA), detecting small molecule/DNA binding with high spatial resolution, and offering single-molecule sensitivity and rapid analysis.
Our setup, shown in Figure 1 , is based on a Si-chip device containing a 20-nm-thick silicon nitride window, through which a nanoscale pore is drilled using the electron beam of a transmission electron microscope (TEM). 15, 16 A TEM image of a 3.5 nm pore used here is also shown. The cis and trans chambers, separated by the membrane, are filled with 1 M KCl electrolyte buffered to pH 8, such that an electrolyte junction between the chambers forms at the nanopore. When a voltage is applied across the membrane, the baseline ion current is measured (i o ). This current is reduced when a DNA molecule threads into the pore and linearly translocates through it, driven by the electric field. Reduction of the current signal during translocation is caused by the steric/electrostatic effects of the DNA segment inside the broad region of the nanopore, which due to its hourglass shape has an approximate length of 7 nm. 16 We have previously shown that the average translocation speed is a strong function of the pore diameter, such that a short DNA fragment (100-1000 bp) translocates through a 3.5 nm pore with an average speed of ∼0.3 µs/bp, yielding a current signal well within our measurement time resolution (∼12 µs).
14 Each recorded ion current transient corresponds to the translocation (or collision, see ref 14 for details) of a singlemolecule and is characterized by its average current ampli- Figure 1) . Unless otherwise indicated, for each experiment we have collected thousands of single-molecule translocations to obtain ∆i b distributions, the average threading rate, and translocation time distributions.
Small Molecule Intercalation into Double-Stranded DNA. Intercalation is a common binding mode of many molecules to DNA, in which the molecule inserts itself between two adjacent basepairs. 17 We first studied current signatures for a 400 bp DNA fragment translocating through a 3.5 nm pore, exposed to three intercalating dyes with different affinities to DNA (see Figure 2a ). Typical singlemolecule traces for a free 400 bp DNA fragment exhibit a single characteristic blocked current level of amplitude ∼1 nA (Figure 2b ), whereas for increasing ethidium bromide (EtBr) concentrations, we observe a deeper blockade level of amplitude ∼1.5 nA (red level, Figure 2b ). Interestingly, for increasing EtBr concentrations, a greater fraction of the event duration corresponds to the deeper blockage level, suggesting a correlation of the mean event amplitude, ∆i b , with EtBr loading. The larger blockade amplitude may be related to the EtBr loading fraction, since EtBr is known to widen the normal B-DNA cross section by about 15%. 18 In addition, partial charge neutralization of the DNA from the positively charged EtBr may result in release of counterions from the DNA backbone, further reducing the effective ion concentration in the pore. The open pore current did not change by more than 0.2% for all EtBr concentrations.
A more detailed correlation of ∆i b with EtBr loading is shown by nanopore titration experiments. As shown in Figure  3a , we have added aliquots of EtBr to the cis sample chamber and recorded >2000 translocations at each EtBr concentration. The surface plot in Figure 3a shows histograms of the event blockade amplitude from thousands of molecules per EtBr concentration, as a function of EtBr concentration. As we have previously reported, the major and minor Gaussian populations in each histogram correspond to translocations and collisions (brief current blockades with smaller event amplitudes of ∼0.75 nA, attributed to DNA molecules that are not fully threaded into the pore), respectively.
14 As the EtBr concentration increases, a noticeable shift in the position of the major peak of the current amplitude (red, defined here as ∆I b , see Figure 3a ) is seen with negligible change in the collision peak (purple). The effect of EtBr on ∆I b suggests that the translocation signal is extremely sensitive to the additive fraction on the DNA. The dependence of ∆I b on EtBr concentration is shown in Figure 3b , displaying >25% increase in the average event amplitude in the EtBr concentration range used. Analogous binding fraction curves obtained from fluorescence experiments performed in bulk are superimposed on the nanopore data set (see Supporting Information for fluorescence measurements) and show excellent agreement with a measured dissociation constant K d ) 14.7 µM.
In order to evaluate the generality of the nanopore method, we repeated the experiments performed with EtBr using two other DNA intercalator dyes, propidium (Pr 2+ ) and ethidium homodimer (EtHD 2+ ). These dyes display stronger binding affinities to B-DNA as compared to EtBr, mainly due to their double charge. As described above for EtBr, the peak event amplitudes ∆I b were measured for each of these dyes. Figure  4 displays the dependence of ∆I b on dye concentrations for propidium (a) and for ethidium homodimer (b). Bulk fluorescence measurements of binding to the same DNA molecules are overlaid, displaying good agreement with the nanopore measurements. We also note that as expected, the EtHD 2+ displayed a stronger shift (>50%) in the event amplitude, due to its bulkier structure. As with the EtBr experiments, the addition of either PR 2+ or EtHD 2+ did not appreciably change the open pore current.
Charged DNA intercalators are also known to affect the mobility of DNA in an electric field. For example, it is well known that a DNA stained with EtBr displays retarded mobility in gel electrophoresis as compared to unstained DNA, due to the decreased effective charge and increased stiffness of the polymer. 19 These molecular changes to DNA structure upon binding of cationic intercalators have resulted in similar trends with our nanopores. In Table 1 , average capture rates (normalized to concentration) and translocation times are given, both before and after the addition of intercalator to saturation. First, we note that average capture rates decreased by a factor of 3-5 upon intercalation of Et . Furthermore, a closer look at average translocation times reveals a slightly higher degree of retardation for the divalent intercalators EtHD and PrI (factor of 5-6) than for EtBr (factor of 4), expected for a DNA with a greater charge reduction. These findings are consistent with the reduced gel electrophoretic mobility of the intercalator/DNA complex (see Supporting Information), manifested in the case of nanopores by suppression of DNA capture and slowed transport through the pore. Apart from the reduced effective charge of the intercalator/DNA complex, other factors that may contribute to slowing down may be (1) increased contour length (and stiffness) of the intercalator/DNA complex, 20 (2) increased interactions of the complex with the pore walls, already shown to reduce the DNA velocity in small pores, 14 (3) increased stall force of the intercalator/DNA complex, which has a larger crosssection than free DNA, arising from hydrodynamic drag inside the pore.
21-23
Interaction with Single-Stranded DNA. In this part of our study we have used a 2.2 nm pore (see Figure 5a ) to probe the interaction of single-stranded DNA molecules with the cyanine dye SYBR Green II (SGII), an RNA-selective stain that preferentially intercalates into single-stranded DNA over double-stranded DNA (Invitrogen Corp., Carlsbad, CA). SGII has particularly low affinity toward a deoxyadenine homopolymer (see Supporting Information), presumably because the purine bases of the homopolymer undergo extensive stacking interactions, resulting in a helical secondary structure. 24, 25 Using fluorescence measurements, we have determined the binding affinity of SGII to poly(dA) to be >50 times smaller than for a random sequence (see Supporting Information). Since SGII binds with high affinity to a random single-stranded DNA sequence, for our nanopore experiments we have designed a two-segment dA 50 dN 50 molecule (see Supporting Information for sequence) for which SGII provides spatial contrast along the molecule by binding only to the "random sequence" dN region (see Figure  5a ). As a negative control, the response of the dA 50 dN 50 to SGII was compared to a dA 60 homopolymer molecule.
In Figure 5b , a typical concatenated set of translocation events for dA 60 through a 2.2 nm pore is shown, both before and after the addition of SGII to the cis chamber. All experiments here were carried out at 5°C, in order to reduce translocation speeds and to stabilize the poly(dA) secondary structure. As expected, these experiments do not reveal any differences in the poly(dA) translocation properties before and after the addition of SGII with both exhibiting mean current amplitudes of ∼0.58 nA and a peak translocation time of ∼80 µs. In contrast, typical translocation events for the dA 50 dN 50 sample with SGII (Figure 5d ) display strikingly long translocation times and exhibit a second, deeper blocked current level. The all-point histograms for these events clearly show that the deeper blockade is a discrete level with an amplitude of 0.96 nA, much greater than the blockade amplitude for the DNA alone (0.60-0.62 nA).
The translocation time distributions for the dA 60 and dA 50 dN 50 samples, shown in Figure 6a ,b, respectively, show that SGII binding considerably slows the translocation process (histograms shown in log time units). While the mean translocation time scales for dA 60 both before and after the addition of SGII were 0.11 ( 0.03 ms, mean translocation times for dA 50 dN 50 increased from 0.25 ( 0.04 ms to 7.1 ( 1.0 ms upon SGII binding. A closer inspection of the relative time scales of the two blocking levels reveals that >80% of a typical event is spent at the shallow blockade amplitude (i ) 0.74 nA). It is also interesting to note that for the vast majority of events (>95%), the shallow blockade level precedes the deeper blockade level. These findings suggest that entry of the dA 50 portion of the molecule is favored over entry of the bulkier SGII-bound dN 50 portion. This favored entry can be also rationalized by considering the positive charge of SGII, which may decrease the overall charge of the dN 50 region upon binding SGII, and/or condense the DNA structure to a coil. Although we do not have an exact mechanism to account for the long dwell times, we note two main possibilities: (1) SGII-binding results in formation of secondary structure by condensing the DNA, thereby stalling the translocation process, or (2) the SGII-bound DNA is bulky enough to interact with the SiN membrane and the pore. However, since the translocation events suggest that the poly(dA) portion is in the pore for most of the translocation process, we favor the explanation that SGIIbinding induces secondary structure which stalls entry of the dN 50 portion of the molecule into the pore. This conclusion is consistent with the literature, as certain DNA-binding molecules, including clinical drugs, have been shown to induce secondary structure in single-stranded DNA molecules. 26 In summary, we have developed a novel, high-throughput single-molecule method for evaluating small molecule binding to DNA. Our method was validated using a set of DNA intercalating fluorophores for which we obtained a complementary set of fluorescence titration curves. For doublestranded DNA, we used three intercalating dyes with different binding affinities to DNA in the range K d ) 10 -7 -10 -5 M. Single-molecule current traces for partially intercalated DNA reveal bilevel shapes with deeper blockades correlated to the fraction of intercalator molecules bound to the DNA and with deeper blockades for larger dyes. The mean fraction of deeper blockades, which corresponds very well to the fraction of bound dye as measured by fluorescence, allows binding curves for DNA-binding drugs to be obtained at high sensitivity. Furthermore, we have shown that binding of small molecules to single-stranded DNA can be analyzed using 2 nm pores, revealing clear differences between the region of the ssDNA molecule that binds the fluorophores and a poly(dA) region that does not bind the dye. Nanopore profiling of DNA interactions with small molecules is extremely rapid, uses only ∼10
-10
4 DNA copies, and can be performed using short or long DNAs. Since the method is essentially "label-free", that is, it does not require fluorogenic or radioactive probes, it is well-suited for future discovery of high affinity, sequence-specific nucleic acidtargeting drugs for epigenetic profiling and applications in environmental and molecular toxicity.
